A nonlinear control strategy for continuous biological reactors with competitive mixed-cultures is proposed. The desired operating point, which corresponds to coexistence of the two cell populations, is unstable because the cellular growth rates differ. We utilize specific cell adhesion to separate and selectively recycle the slower growing population in order to stabilize the desired coexistence steady state. The recycle loop is operated periodically SO that the adhesion column can be regenerated after each sample is processed. The nonlinear control law is derived by applying input-output linearization to an approximate dynamic model that assumes continuous separation of the cell populations. A nonlinear closed-loop observer is used to generate one-time-delay-ahead predictions of the m e a sured cell concentrations and the unmeasured substrate concentration. The efficacy of the proposed control strategy is evaluated via simulation.
Introduction
Biological reactors are used to perform a wide variety of fermentations in which substrates are converted into useful products [2] . Competitive mixed cultures are particularly useful because they can utilize more complex substrates and generate a wider range of products than pure cultures. The case of greatest practical interest involves the competition between two cell populations for a common limiting substrate. In a continuous bioreactor, steady states corresponding to the coexistence of the two populations generally are unstable as a result of different cellular growth rates. Moreover, the dynamical behavior is strongly nonlinear and critical process variables are difficult to measure accurately. As a result, this type of bioreactor is difficult to control.
In this paper, a nonlinear control strategy for continuous bioreactors with competitive mixed cultures is proposed.
A more detailed discussion of mixed-culture bioreactors and associated control techniques is presented in Section 2. Section 3 focuses on the nonlinear control strategy, including dynamic modeling (Section 3.1), feedback linearizing controller synthesis (Section 3.2), and nonlinear observer design (Section 3.3). In Section 4, the proposed lTo whom correspondence should be addressed: henson@nlc.che.lsu.edu 0-7803-2975-9/96/$5.00 0 1996 IEEE 504 method is evaluated using a representative simulation example. A summary and conclusions are presented in Section 5.
Competitive Mixed-Culture Bioreactors
The most common type of competitive mixed-culture fermentation involves the production of two cell populations from a common substrate. Competitive mixed cultures have four steady states when produced in a continuous reactor. The steady states correspond to: ( 2 ) the presence of the first population only; ( i i ) the presence of the second population only; (ziz) the coexistence of both populations; and (iv) the presence of neither population (2. e. washout). The coexistence steady state represents the desired operating point in many applications. However, this steady state is unstable under most conditions because the populations have different growth rates. As a result, the faster growing population eventually dominates the reactor.
Two general approaches for stabilizing the coexistence steady state have been proposed. In the first approach [l, 51, an input variable such as dilution rate is used to establish operating conditions where the growth rates are equal. This method has several limitations including: ( i ) the growth rates must be equal at some conditions; (zz) a particular ratio of the two populations (i.e. a setpoint) is difficult to obtain; and (iii) the input variables are not available to optimize reactor productivity. An alternative approach is to indirectly manipulate the residence times of the cell populations. This can be achieved by removing a stream from the reactor, separating the two populations, and recycling the slower growing cells back to the reactor [12] . This method has been used to develop open-loop control strategies in which the populations can be separated due to significant differences in size [4] or flocculation properties [3].
As compared to alternative techniques, specific cell adheszon provides a very selective means to separate closely related cell populations [7, 131. The stream removed from the reactor is introduced to a column which contains an adhesion surface specifically designed for the particular mixed culture. One of the populations preferentially adheres to the surface as a result of interactions between an immobilized ligand on the adhesion surface and a receptor on the outer surface of the cell. The other population is washed through the column without adhering. Stream removal from the reactor is stopped, and the adhering population is eluted from the column. The slower growing population is recycle to the reactor, while the faster growing population is discarded. Roos and Hjortso [14] use specific cell adhesion to develop an open-loop control scheme for a mixed-culture bioreactor producing two strains of ordinary Baker's yeast. In this paper, we propose a nonlinear feedback control strategy based on specific cell adhesion for a general class of mixed-culture bioreactors.
Nonlinear Control Strategy

Dynamic Modeling
First we derive dynamic models of a competitive mixedculture bioreactor that utilizes specific cell adhesion to separate and selectively recycle cell populations. Modeling is complicated by the periodic operation of the recycle loop, which is required to regenerate the adhesion column after each sample is processed. We develop two dynamic models that differ according to their complexity and ultimate use. The first model neglects discontinuous operation of the recycle loop and is used for nonlinear controller and estimator design. For the simulation example considered in Section 4, this approximation is reasonable because the time required to complete one separation cycle (0.75 h) is significantly less than the dominant time constant of the reactor (5.6 h). The second model includes a detailed description of the recycling operation and serves as the "process" in closed-loop simulations.
The simplified model is derived from Figure 1 , which depicts a competitive mixed-culture bioreactor and an adhesion column that allows continuous recycle of the slower growing population. A nonlinear state-space model is derived from simple mass balances, The nonlinear controller design is based on input-output linearization [6, 81. The simplified model has relative degree one; therefore the linearizing control law can be written as,
where the Lie derivatives are:
The design of the input v is discussed below.
The periodic nature of the recycle loop is handled by "approximating'' the continuous control moves F, ( t ) with implementable flow rate pulses. This is accomplished by determining the removal period At, that results in the same amount of material being extracted from the reactor as that calculated from the discretized version of the continuous control law. The result is,
where: At is the time required to complete an entire separation cycle (45 minutes); At,(kAt) is the interval during which material is removed from the reactor during the kth separation cycle; and F," is the flow rate of this stream (180 d / h ) . The signal u(kAt) is computed from the discretized version of the continuous control law (5), which involves state variables that either are delayed ( 2 1 ,Q) or unmeasured ( 2 3 ) . Therefore, the actual state variables z(kAt) are replaced by one-time-delay-ahead predictions P(kAt) produced by the nonlinear observer derived in Section 3.3. The resulting equation is:
The continuous input v(t) is designed as, t-At
where yap is the setpoint and the k; are controller tuning parameters chosen such that the polynomial s2 + k l s + ko is Hurwitz. The integral term is included to remove offset in the presence of plant/model mismatch. Note that the upper limit of the integral is t -At rather than the usual value t. This modification allows actual measurements, rather than predicted values, to be used in the integral.
The signal v(kAt) is computed by discretizing the continuous input ~( t ) using the one-time-delay-ahead prediction of the output as necessary. The result is,
where v; [ ( k -l)At] is the value of v used to calculate the input u(kAt) that is actually implemented and: 
Nonlinear Observer Design
Now we discuss the design of the nonlinear observer that provides one-time-delay-ahead predictions of the measured cell concentrations and the unmeasured substrate concentration. We utilize an observer design technique for nonlinear systems in which the unmeasured state variables appear in an affine manner [9] . Note that the substrate concentration ( 2 3 ) appears nonlinearly in the simplified model (1)-(2) due to the specific growth rates (PI, pa) . A model of the required state-affine form is obtained by lin-'earizing the growth rates about the most recent estimate of the substrate concentration, P&3) 2i Pi(53) + ~ dpi(E3) ( The objective is to choose the observer gain L such that the matrix a -LC has specified eigenvalues that are invariant with respect to U, y,, and 53. Note that the observer requires continuous, undelayed measurements of the cell concentrations, while the actual measurements are piecewise constant and delayed by one separation cycle:
The problem is handled by assuming that the measured outputs and the state estimates are approximately constant over a complete separation cycle [lo] . This is a reasonable assumption because the dominant time constant of the reactor (5.6 h) is much greater than the time required to complete one separation cycle (0.75 h). Consequently, the continuous-time observer (14) can be integrated from t = (k -1)At to t = kat to yield the discrete-time observer, Note that the discrete-time observer produces one-timedelay-ahead predictions of the cell and substrate concentrations from delayed measurements of the cell concentrations. The predictions are used in the nonlinear controller (8) and (10) to comlpensate for measurement delays.
Simulation Study
The proposed control strategy is evaluated using the detailed model described in Section 3. l as the actual process. Model parameters and nominal operating conditions associated with the simplified model are shown in Table 1 The growth rates are equal at S = 0.12 g/L, but they differ significantly for substrate concentrations slightly removed from this value. The initial condition in Table 1 corresponds to a steady state to the left of this point. The substrate concentration must remain in the region where the first population is slower growing for the proposed control scheme to be successful. Otherwise, the second Table 1 .
The setpoint tracking performance of the proposed control strategy is demonstrated in Figure 3 . The setpoint for the fraction of slower growing cells is changed from its nominal value (0.5) to 0.35 or 0.65 at t = 1 h. Both setpoint changes are tracked effectively. A more sluggish response is obtained for the positive change because the manipulated input remains at the upper constraint for an extended period of time. The observer provides accurate predictions of the substrate concentration for both tests. Note that the variables do not asymptotically converge to constant values due to the periodic nature of the controlled system.
The disturbance rejection performance of the proposed control strategy is shown in Figure 4 . The inlet substrate concentration (Si) is changed from its nominal value (0.5 g/L) to 0.65 g/L at t = 0 h. The disturbance is rejected very effectively as the output deviates from the setpoint only during the initial phase of the test. The manipulated input initially encounters the upper constraint, but eventually converges to a small region near its nominal value.
As expected, the substrate concentration estimates are biased in this case. This test demonstrates that the control strategy has reasonable robustness to plant/model mismatch.
. Summary and Conclusions
We have developed a nonlinear control strategy for mixedculture bioreactors in which two cell population compete for a single limiting substrate. Effective control of these systems is challenging because steady states corresponding to the coexistence of the two populations are unstable.
Specific cell adhesion is proposed as a means to separate the two populations such that the slower growing cells can be recycled back to the reactor in order to stabilize the desired coexistence point. Input-output linearizing controller design is complicated by the requirement that the recycle loop be operated periodically to allow regeneration of the adhesion column. An approximate dynamic model that assumes continuous separation is used to calculate the necessary changes in a "ficticious" manipulated input, which is chosen as the flow rate of the stream being extracted from the reactor. The continuous control moves are approximated by implementable flow rate pulses. The controller utilizes one-time-delay-ahead predictions of the measured cell concentrations and the unmeasured substrate concentration generated by a nonlinear closed-loop observer. The control scheme provides excellent perfor- mance when applied to a detailed bioreactor model that accounts for periodic operation of the recycle loop. Future work will focus on experimental studies.
